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The repair of the permeability barrier to prevent the entry of harmful substances into the body is a goal in wound
healing. Semi-occlusive foils, which provide an artiﬁcial barrier, are commonly used for the treatment of wounds.
We examined the effects of foils on wound contraction, cell migration, and reepithelization. Full-thickness skin
wounds in mice were covered with occlusive latex foils or semi-occlusive water vapor-permeable hydrocolloid foils
for either the entire, the ﬁrst half, or the second half of the wound-healing period. We found that application of foils
for the entire healing period initially reduced wound healing during the ﬁrst week of treatment, whereas healing was
enhanced during the second week. Foils were found to reduce wound contraction, but enhanced reepithelization
during the second week of wound healing because of increased proliferation and migration of keratinocytes. These
effects were also noted when the hydrocolloid foils were applied for the second part of the healing period, only. The
fully occlusive latex foil led to irritation of the skin, whereas less irritation occurred under semi-occlusive con-
ditions. In summary, we found that artiﬁcial barrier repair with semi-occlusive foils in wounds reduced wound
contraction and enhanced cell migration and reepithelization without irritation.
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Occlusive dressings have become increasingly important in
wound treatment and management. Numerous types of
occlusive dressings are presently available for the treatment
of acute and chronic wounds. They simplify wound care and
are widely considered an excellent choice in the manage-
ment of most acute and chronic wounds. In several pub-
lications and in medical brochures, occlusion is described
as enhancing wound healing primarily by preventing wound
dessication and by creating a moist environment, which is
of crucial importance for enhanced wound healing. The title
of one review article, for example, was: Moist wound heal-
ing with occlusive dressings (Kannon and Garrett, 1995).
Other authors have specified this statement and described
that hydroactive wound dressings retain exsudate in the
wound region or incorporate wound exsudate by gel for-
mation (Mohr et al, 1999).
Healing of open cutaneous wounds has been divided into
three overlapping phases: inflammation, reepithelization,
and wound contraction (De Coninck et al, 1996; Martin,
1997; Singer and Clark, 1999; Atiyeh et al, 2003). It has been
claimed that a moist environment is optimal for wound heal-
ing, particularly in the inflammatory and proliferative phases.
Enhanced cell migration, as a part of the reepithelization
process, has also been attributed to moist conditions (Miller,
1998; Svensjo et al, 2000; Atiyeh et al, 2002).
The importance of creating an artificial barrier for wound
healing through application of an occlusive or semi-occlu-
sive foil has not been fully recognized. The epithelial lining of
the skin provides a barrier against the environment and is
crucial for the integrity of the organism (Elias, 1983; Elias
and Feingold, 1988; Downing, 1992; Madison, 2003). Me-
chanical, physical, or chemical injury may cause loss of cell
integrity and thus an impaired skin barrier function. This is of
particular importance for open wounds resulting from acute
injury and in chronic disorders such as stasis and decubital
ulcers. Lost barrier function may lead to an invasion of
harmful substances into the skin and to microbial infection,
e.g., streptococcal cellulitis. An important aim in wound
therapy is the rapid reconstitution of the skin barrier to pro-
tect from the invasion of pathological microorganisms. Ex-
cessive water loss represents an additional problem in
wounds involving large surface areas.
The effects of artificial barrier repair by occlusion with
impermeable latex or a water vapor-permeable foil after
superficial injury to the stratum corneum have been de-
scribed in several publications (Grubauer et al, 1989; Pro-
ksch et al, 1990, 1991; Holleran et al, 1991; Ekanayake-
Mudiyanselage et al, 1998). Occlusion of tape-stripped skin
resulted in decreased proliferation and increased differen-
tiation in human skin. This effect was most pronounced with
maximal occlusion (van Rossum et al, 1998). Occlusion after
Abbreviations: BrdU, bromodesoxyuridine; ECL, eluminescent; IL,
interleukin; NS, not significant; RT, room temperature; Skh1, skin
hairless 1; S-phase, synthesis phase; SPSS, Software Package for
Social Sciences; STAT-3-P, phosphorylated signal transducer and
activator of transcription 3; TEWL, transepidermal water loss
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superficial injury also caused alterations in both the stratum
corneum interstices and the lamellar bodies in the cytosol
(Jiang et al, 1998). Wound dressing inhibited the rearrange-
ment of lipids (Taljebini et al, 1996) and blocked restoration
of the Ca2þ gradient after acute barrier disruption (Lee et al,
1992; Menon et al, 1994). The effects of occlusion on these
parameters have not been examined in full-thickness in-
jured skin.
In this study, we demonstrate that artificial barriers reg-
ulate the healing rate of full-thickness wounds. Treatment
with semi-occlusive and occlusive wound dressings re-
duced the rate of wound contraction and facilitated cell
migration and reepithelization. The semi-occlusive hydro-
colloid foil proved to be suitable in wound healing. In con-
trast, total occlusion with latex foil led to skin irritation.
Results
Occlusive and semi-occlusive foils initially reduced,
however, later enhanced the overall rate of wound heal-
ing It is known that surgical dressings influence the healing
of full-thickness wounds (Dyson et al, 1988). We investigat-
ed how occlusion with an impermeable latex foil and a
water vapor-permeable semi-occlusive hydrocolloid foil
(Comfeel
s
Plus) influenced wound healing and epidermal
regeneration compared with unoccluded wounds. Full-
thickness wounds were made on one flank of 15 hairless
mice. The animals were then divided into three groups to
compare the healing of wounds occluded with either a latex
foil or Comfeel
s
Plus foil, or without wound dressing. In Fig
1a, the rate of wound healing is plotted against the time
after wounding. Wound healing in the unoccluded control
mice was rapid in the beginning. The wound area was al-
ready reduced to about 50% of the original size within 2 d,
and the healing was completed within 11 d. Wound healing
was significantly delayed under the latex dressing at the
beginning and reached only 25% reduction in wound size at
day 2. In the mice treated with Comfeel
s
Plus foils, a wid-
ening of the wounds was noted the first time. Until the end
of the first week, the wounds covered with both types of
dressing showed a significantly delayed wound healing
compared with control (po0.001 on days 2, 4, and 7). Dur-
ing the second week, however, wound healing was en-
hanced in the latex foil and Comfeel
s
Plus-covered wounds.
Wound closure was achieved 14 d after surgery, with only a
slight delay compared with unoccluded wounds. These re-
sults show that occlusion influences wound healing in a
biphasic manner.
In a second set of experiments, we occluded the wounds
with the Comfeel
s
Plus foil for the first part (4 d) or the
second part of the wound-healing period. We found that
after removal of the foil (which significantly delayed wound
healing), an immediate burst in wound healing occurred.
Within 2 d, wound healing reached the same level as in skin
unoccluded for the entire healing period. Conversely, foil
application after 4 d caused a widening of the wound area
to levels close to those found in wounds under full occlusion
for the entire time period (Fig 1b). These results show that
occlusion profoundly influences the wound-healing rate
even after application for a limited time.
Barrier repair determined as normalization of transepi-
dermal water loss (TEWL) is delayed after application of
the semi-occlusive foil After complete reepithelization,
day 14, we removed the semi-occlusive hydrocolloid foil
(Comfeel
s
Plus) and investigated the barrier recovery com-
pared with unoccluded wounds. Barrier recovery was sig-
nificantly delayed in Comfeel Plus
s
-treated skin compared
with the unoccluded control. Overall, there was a 3–4-d
delay in forming a competent barrier after occlusion. Our
results show that the effect of occlusion persists for several
days after removing the foil, and also influences barrier re-
pair as a last step in wound healing (Fig 2).
Figure1
Initial delay in wound healing by treat-
ments with the occlusive and the semi-
occlusive foils (a), also noted after
occlusion for the first or the second
part of the healing period (b). An overall
slight delay in wound healing occurred if
occlusive foils were applied during the
entire or the second week of the healing
period (a) Application of an occlusive latex
foil or a semi-occlusive Comfeel
s
Plus foil
was performed on full-thickness skin
wounds in hairless mice for the entire
healing period. Wound healing of full-
thickness skin wounds was delayed by
application of an occlusive latex foil or a
semi-occlusive Comfeel
s
Plus foil. (b) Ap-
plication of Comfeel
s
Plus for the first or
the second period of the healing period
reduced the speed of wound healing for
the initial occlusion period. Unoccluded
wounds served as control (po0.001;
n¼ 5).
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Occlusive and semi-occlusive foils reduce the rate of
wound contraction To evaluate which parameters of the
healing process were influenced by occlusion, we deter-
mined the rate of wound contraction. Wound contraction as
a parameter of the healing process is highly correlated with
the healing process (runoccluded 0.994; rComfeel Plus 0.996;
rLatex foil 0.998). We found that wound contraction was sig-
nificantly reduced by treatment with occlusive and semi-
occlusive foils (Fig 3a). In unoccluded mice, wound con-
traction led to a reduction in wound size of 50% within 2 d.
At day 2, only a 25% reduction in wound healing was ob-
served in latex-occluded mice, and a widening of the wound
area was observed in the Comfeel
s
Plus covered wounds. A
delay in wound contraction by application of the occlusive
and semi-occlusive foils was further evident during the re-
mainder of the first week after treatment. During the second
week of the healing process, differences in wound contrac-
tion were still evident, but less pronounced. In unoccluded
Figure 2
Delay in barrier repair after occlusion. In mice treated with the semi-
occlusive Comfeel
s
Plus foil for the entire healing period, occlusion was
removed after complete reepithelization, and total epidermal water loss
was monitored at several points of time (po0.01; n¼5).
Figure 3
Reduced total wound contraction by treatments with the occlusive and the semi-occlusive foils (a), also noted after occlusion for the
second part of the healing period (b). Rate of wound contraction was calculated in relation to the original wound size at the beginning of the
experiment. For calculation, photographs of the wound area were taken, digitalized, and analyzed with TINA 2.09g software from Raytest Company
Straubenhardt, Germany. (a) Wound contraction was reduced by treatments with occlusive latex foil or semi-occlusive Comfeel
s
Plus foil. (b)
Application of Comfeel
s
Plus for the first or the second phase of the healing period reduced wound contraction as long as occlusion occurred. An
overall reduction in wound contraction occurred after occlusion during the second part of the healing period (po0.001; n¼ 5).
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wounds, contraction was responsible for 94% of the healed
area at the end of complete wound closure. The rate of
contraction in latex foil-occluded wounds reached 87% of
the initial wound area. With application of the semi-occlu-
sive Comfeel
s
Plus foil wound contraction was responsible
for 84% of the healed wound area in total (po0.05). This
revealed that wound contraction was most important for
wound healing, and that occlusion had a significant effect
on wound contraction.
Wound contraction was reduced by Comfeel
s
Plus as
long as occlusion occurred during the first or the second
wound-healing phase (Fig 3b). An overall reduction in
wound contraction occurred when occlusive foils were ap-
plied during the second week of the healing period. These
results show that delayed application of the Comfeel
s
Plus
foil is effective in reducing wound contraction.
Occlusive and semi-occlusive foils enhanced the rate of
reepithelization Although wound contraction was re-
duced, the foils increased the amount of newly formed
epithelia during the second week after injury (Fig 4a).
Reepithelization is correlated to the wound-healing process
(runoccluded 0.773; rComfeel Plus 0.876; rLatex foil 0.958). Corre-
lation was, however, less in uncovered wounds where an
early onset in reepithelization was seen, and the rate of re-
epithelization reached about 5% of the total healed area
within 4 d. Although the reepithelization continued, the re-
lationship of this process (in percent) with the entire healing
process only slightly increased to 7% until complete wound
closure occurred. By treatment with the occlusive latex foil,
reepithelization was significantly delayed and was not ob-
served until 9 d after injury. Thereafter, the amount of newly
formed epithelia increased slowly and contributed to 13%
of the closed wound area at the end. By treatment with the
semi-occlusive foil epithelia regeneration began gradually.
New epithelia were visible 4 d after wounding and increased
continuously. At the end of the healing period, reepithelizat-
ion was responsible for 16% of the healed wound area.
These results demonstrate that the rate of reepithelization
was significantly enhanced by the semi-occlusive wound
dressing.
Application of Comfeel
s
Plus is shown to enhance re-
epithelization when compared with totally unoccluded
wounds, but only when occlusion is used during the sec-
ond part of the healing process (Fig 4b). When occlusion
was used during the first part of the wound-healing process,
reepithelization was not enhanced when compared with to-
tally unoccluded areas. These results show that application
of the Comfeel
s
Plus foil during the second part of the
healing process is effective in enhancing reepithelization.
Reepithelization, however, is a slow process compared with
wound contraction, which explains the overall delay in
wound healing (Fig 1).
Semi-occlusive foils enhanced the rate of epidermal
proliferation Beside wound contraction, wound closure is
Figure 4
Enhanced reepithelization by
treatment with occlusive and
semi-occlusive foils (a), also
noted after occlusion for the
second part of the healing pe-
riod (b). Regenerated epitheli-
um was measured in a similar
manner to the rate of wound
contraction (see Fig 3 legend).
The amount of reepithelization
was quantified in relation to
the original wound size. (a) Re-
epithelization was increased
by treatment with occlusive and
semi-occlusive wound dress-
ings. (b) Application of Com-
feel
s
Plus foils is shown to
enhance reepithelization when
compared with totally unoc-
cluded areas, but only if occlu-
sion was used during the
second part of the healing
process (po0.05–0.01, n¼ 5).
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also achieved by enhanced epidermal proliferation. Prolif-
eration at wound edges in unoccluded skin was unchanged
3 d after wounding as compared with the Comfeel
s
Plus
occluded skin. Epidermal proliferation was, however, sig-
nificantly enhanced (3-fold, po0.05, n¼5) at day 12 in skin
treated with semi-occlusive foil (Fig 5). Because of severe
maceration as was found clinically and histologically (not
shown), we were unable to determine proliferation under
latex occlusion. This experiment shows that occlusion in-
fluences epidermal proliferation in wound healing.
Occlusive and semi-occlusive foils enhanced phos-
phorylated signal transducer and activator of trans-
cription 3 (STAT-3-P) expression as a marker for
migration Regeneration of the epithelia is also achieved
by migration of keratinocytes into the open wound area. We
used STAT-3-P as a marker for migrating keratinocytes
(Sano et al, 1999; Kira et al, 2002). To investigate the effect
of occlusion on cell migration, we determined STAT-3-P
expression by western blot at different time points after
treatment. In unoccluded wounds, STAT-3-P levels were
relatively high 3 d after treatment, but were reduced after 6
and 12 d. In the occluded wounds, STAT-3-P was low after 3
d, but progressively increased in measurements taken at 6
and 12 d (Fig 6). This effect was much more pronounced
after treatment with the semi-occlusive Comfeel
s
Plus foil.
These results show that treatment with occlusive and semi-
occlusive foils enhances STAT-3-P expression as a marker
of cell migration.
Severe irritation and vesicle formation was induced in
latex, but not in hydrocolloid foil-treated wounds Se-
vere irritation was observed after treatment with the occlu-
sive latex foil, indicated by redness and edema of the
bordering skin, and, in some cases, maceration (Fig 7c). The
semi-occlusive Comfeel
s
Plus foil led only to slight irritation
and edema (Fig 7b). Histology in hematoxylin–eosin-stained
sections revealed numerous vesicles at the base of the
wounds after latex foil treatment (Fig 8b). In Comfeel
s
Plus-
covered wounds, only a few vesicles were observed (Fig
8a). This shows that latex foil, but not the Comfeel
s
Plus foil,
leads to skin irritation in wounds.
Discussion
In this study, we examined the influence of an occlusive
latex foil and a commercial water vapor-permeable wound
dressing, the semi-occlusive Comfeel
s
Plus foil, on wound
contraction, reepithelization, keratinocyte migration, and ir-
ritation. We found that occlusive and semi-occlusive foils
initially reduced the speed of wound healing compared with
Figure 5
Enhanced epidermal proliferation by treatment with semi-occlu-
sive foils. The number of proliferating keratinocytes (bromodesoxyuri-
dine-positive keratinocytes/five view fields) was given as a factor of
the untreated sites (proliferation index). Data are expressed as
mean  standard deviation. Treatment with the semi-occlusive Com-
feel
s
Plus foil enhanced the rate of proliferation in the wound edges in
comparison with unoccluded control wounds (po0.05–0.01, n¼ 5).
Figure6
Enhanced expression of phosphorylated signal transducer and
activator of transcription 3 (STAT-3-P) as a marker of keratinocyte
migration by treatments with semi-occlusive foils. The epidermis of
the wound edges was separated in sodium chloride solution overnight,
homogenized in N-2-hydroxyethylpiperazine-N-2-ethane-sulfonic acid
buffer, and sonicated three times for 10 s. The amount of STAT-3-P was
quantified by western blotting (NS, n¼3).
Figure7
Irritation of the wounds by application of the occlusive, but much
less the semi-occlusive foil. Application of the occlusive foil (c), but
not the semi-occlusive foil (b), or unoccluded (a) irritated the wound as
seen by redness and scaliness of the areas around the wound. The
picture of the semi-occlusive foils shows reflecting light as a sign of
slight hyper-hydration and edema. Extensive formation of radial furrows
did not occur because of pronounced wound contraction in unocclud-
ed skin (po0.05–0.001, n¼ 5).
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unoccluded skin during the first week after injury. During the
second week, however, wound healing was enhanced by
occlusion. Complete closure of the wound was slightly de-
layed and occurred 14 d after treatment in occluded mice,
as compared with 11 d in unoccluded mice. Similar results
were previously seen following occlusion after superficial
injury to the skin. We and other authors have found that
application of occlusive latex or a semi-occlusive foil re-
duced permeability barrier repair, lipid synthesis, and epi-
dermal proliferation (Grubauer et al, 1989; Proksch et al,
1990, 1991; van de Kerkhof et al, 1995). We suggest that the
delay in the healing is related to the provision of an artificial
barrier that reduces signals for repair. A reduction in the
expression of tumor necrosis factor, interleukin (IL)-1 a, IL-6,
and IL-6 receptors was seen during occlusion of superficial
wounds (Wood et al, 1994, 1996; Wang et al, 2004). As
shown in a suction-induced wound model involving the
suprabasal epidermis, reepithelization was clearly faster in
open wounds where blister roofs had been removed than
where blisters remained intact (Leivo et al, 2000). These
results show the importance of the barrier for the regulation
of wound repair.
An artificial barrier is important for full-thickness skin
wounds, where skin barrier function is completely absent
and the risk for the penetration of harmful substances into
the skin is greatly increased. Despite an increase in the
growth rates of bacteria already colonizing the wound, it has
been shown that commercially available semi-occlusive
foils reduce the rate of infection by preventing the entry of
environmental microorganisms (Kannon and Garrett, 1995).
Our findings suggest that the maximal rate for wound heal-
ing found in open wounds may be an attempt to reconstitute
the barrier as fast as possible to hinder the entry of harmful
substances. In contrast to our results, older studies showed
enhanced wound healing in the skin of pigs and humans
after the application of an occlusive or semi-occlusive foil
(Hinman and Maibach, 1963; Winter, 1965; Agren et al,
2001; Visscher et al, 2001). The reasons for these differenc-
es could be related to the much thinner and more vulnerable
skin in mice as compared with pig and human skin.
We measured the recovery in TEWL after complete re-
epithelization and removal of the occlusion in Comfeel
s
Plus
foil-treated animals. We found a significant delay in barrier
recovery compared with unoccluded mice. Similar results
have been previously published; TEWL recovery in humans
was similarly affected by occlusion of wounds involving the
entire epidermis after setting suction blisters and removing
the blister roof, as after superficial wounds of the horny
layer. Occlusion led to a weak but significant delay of the
recovery in TEWL when compared with the unoccluded test
field (Levy et al, 1995). No significant improvement in the
rate of reestablishment of the barrier to TEWL was meas-
ured in full-thickness wounds in humans covered by
occlusive and semi-occlusive dressings compared with
uncovered, although it was stated that occlusive dressings
promote wound reepithelization (Silverman et al, 1989).
These results show that despite different wound depths,
occlusion delayed the final establishment of a functional
barrier. Reepithelization itself does not necessarily equate
with a competent barrier. A proper epidermal differentiation
including protein and lipid synthesis must follow re-
epithelization to normalize barrier function (Elias, 1983;
Ekanayake-Mudiyanselage et al, 1998). Elevated TEWL val-
ues in scars in humans may persist for more than a year
after complete reepithelization (Suetake et al, 1996).
Experiments where occlusion occurred during the first or
the second half of the wound-healing period, respectively,
were used to examine the influence of occlusion on the
speed of wound healing. An immediate effect of occlusion
was noted whether we applied occlusion for the entire, the
first, or the second part of the wound-healing study. A per-
sistent reduction in the total area of wound contraction and
enhanced reepithelization was only noted when occlusion
was applied during the second part, but not when applica-
tion occurred during the first part of the wound-healing pe-
riod. By clinical observation, we suggest that the dry scab
contracts the wound, thus eliminating the effects achieved
by occlusion during the first wound-healing period.
Previously, it has been shown that wound contraction
significantly contributes to the healing process (James and
Stevenson, 1990; De Coninck et al, 1996). We found that the
occlusive latex and the semi-occlusive foils reduced wound
contraction. This was especially evident during the first
week of the healing process, but continued until complete
wound closure. Various results on the effect of occlusion on
wound contraction have been described previously. Lack of
influence on porcine skin (de Coninck et al, 1996) as well as
reduced wound contraction in human split skin graft donor
sites (James and Stevenson, 1990) were reported after us-
ing skin occlusion. The reduction in wound contraction is of
practical relevance. Facial surgery near the eyelid may lead
to wound contraction, resulting in an ectropion. Wound
contraction may be reduced by application of an occlusive
foil after surgery. Our experiments showed that 94% healing
Figure 8
Aggregation of vesicles at the wound base was induced by treat-
ment with occlusive, but not semi-occlusive foils. Paraffin-embed-
ded sections of the wounds were stained with hematoxylin–eosin. The
occlusive foil (b) induced an aggregation of vesicles at the wound base
(white arrows show the wound base; black arrows indicate the wound
edges). No aggregation occurred under the semi-occlusive foil (a).
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in the uncovered group, 87% in the occlusive group, and
84% in the semi-occlusive group of our mouse model were
as a result of wound contraction. Previous studies on por-
cine skin showed that wound contraction accounted for
about 70% of the healed area, with only slight differences
between occlusive and non-occlusive treatment (de Con-
inck et al, 1996). Wound contraction in mice, as shown here,
and in pigs is higher than in humans in which 20% wound
contraction was seen in conventionally treated wounds and
only 8% in wounds covered with a semi-occlusive foil
(James and Stevenson, 1990). These specific differences
may be partly related to the thickness of the skin. Mouse
skin is much thinner than human skin (mouse epidermis:
about 0.01 mm, human epidermis: about 0.1 mm). Wound
contraction in porcine skin versus human skin was also
significantly different, although skin thicknesses are similar.
Therefore, factors in addition to skin thickness may also
contribute to wound contraction. A specialist set of fibro-
blasts called myofibroblasts also plays a role in wound clo-
sure (Martin, 1997). Whereas the central granulation tissue
in wounds is not required for wound contraction (Gross et al,
1995), a narrow, 1–2 mm wide rim of newly generated fib-
roblasts under the wound edges is responsible for contrac-
tion by inducing inward movement of the intact surrounding
skin. This effect may be influenced by the treatment con-
ditions of wounds. Through clinical observation, we suggest
that scab formation provides an additional explanation for
wound contraction. Lacking a significant barrier against
water loss, scabs consequently dry out, contributing to
wound contraction. In contrast, moist conditions produced
under occlusion cause spreading of the scab material.
The loss in wound contraction by occlusion was partly
compensated by an increased reepithelization rate during
the second week after injury. The reepithelization rate
reached about 7% of the total healed area in the unoc-
cluded group, 13% in the latex-occluded group, and 16% in
the Comfeel
s
group. Enhanced reepithelization by occlu-
sion was previously noted in pig and human skin (Eaglstein
and Mertz, 1978; Alvarez et al, 1983; Mohr et al, 1999; Col-
lawn, 2000). The mechanism for this effect has also been
studied. It was found that occlusion increased epidermal
cell proliferation in wounds where the entire surface epithe-
lium and papillary dermis were removed. A reduction in cell
proliferation was seen in tape-stripped skin, where only the
stratum corneum had been removed (Levine et al, 1998).
The different effects of occlusion on reepithelization in su-
perficial compared with full-thickness wounds were also
noted in our experiments. In this study, we found enhanced
reepithelization in full-thickness wounds under occlusion.
Previously, we and others described a delay in barrier repair
(Grubauer et al, 1989; Proksch et al, 1990, 1991), a reduced
increase in DNA synthesis, and reduced induction of hyper-
proliferation-associated keratins 6 and 16 (Proksch et al,
1991; Ekanayake-Mudiyanselage et al, 1998; van Rossum
et al, 1998) following occlusion after superficial injury. Oc-
clusion after superficial injury also caused alterations in
stratum corneum lipid organization (Jiang et al, 1998), return
of lipids (Taljebini et al, 1996), and restoration of the Ca2þ
gradient after acute barrier disruption (Menon et al, 1994).
Reepithelization depends on cell migration. Previously, it
was demonstrated that STAT-3 plays a crucial role in
transducing a signal for migration of keratinocytes (Planas
et al, 1997; Sano et al, 1999; Hirano et al, 2000; Kira et al,
2002). We showed here that STAT-3-P expression was in-
creased by the occlusive latex and much more by the semi-
occlusive wound dressing in full-thickness wounds in mice,
meaning that the semi-occlusive Comfeel
s
Plus foil signif-
icantly facilitated cell migration. It has similarly been de-
scribed in human skin that occlusion promotes enhanced
cell migration following laser resurfacing and in acute
wounds (Collawn, 2000; Agren et al, 2001). IL-6 system is
an important regulator of STAT-3 phosphorylation (Ernst
et al, 2001). We recently showed that IL-6 expression is
induced by permeability barrier disruption and that occlu-
sion prevents an increase in IL-6 expression (Wang et al,
2004). It is also known that IL-6 is important for wound
healing and induces keratinocyte migration (Gallucci et al,
2004). Delayed wound healing and permeability barrier re-
pair are known in IL-6-deficient mice (Gallucci et al, 2000;
Lin et al, 2003). Therefore, it is likely that occlusion initially
reduces wound healing because of a reduction in the ex-
pression of IL-6.
In this study, we found that application of impermeable
latex foils led to skin irritation and aggregation of vesicles in
the skin, in contrast to application of water vapor-perme-
able semi-occlusive Comfeel
s
foils. Warner et al recently
described that hyper-hydration of intact human skin by ap-
plication of an occlusive patch test chamber in vivo disrupts
human stratum corneum ultrastructure already 4 h after
treatment (Warner et al, 2003). Plastic occlusion reduced the
water-holding capacity in visually non-irritated skin (Be-
rardesca and Maibach, 1990). It is well established in clin-
ical dermatology that application of occlusive foils in acute
dermatitis does not reduce, but may rather enhance in-
flammation, because occlusion hinders heat emission. This
may explain why the water vapor-permeable semi-occlusive
Comfeel
s
Plus foil is much more suitable for the treatment
of wounds than the water vapor-impermeable occlusive
latex foil.
Previously, authors of review articles (Miller, 1998; Atiyeh
et al, 2002) and of medical brochures claimed that com-
mercially available occlusive wound dressings enhance
healing because of a moist environment. A moist environ-
ment, which is formed underneath an occlusive or even a
semi-occlusive foil, may be important for wound debridem-
ent and for preventing scar formation (Kannon and Garrett,
1995). In this paper, however, we point to the important role
of the skin barrier in the regulation of the different phases in
wound healing.
In summary, we found that an artificial barrier reduced
wound contraction and enhanced cell migration and re-
epithelization during wound healing. This was also evident if
wound occlusion only occurred during the second part of
the healing period. Water vapor-impermeable foils are
shown to cause irritation in contrast to water vapor-perme-
able foils. The semi-occlusive foil is therefore considered
conducive to wound healing.
Materials and Methods
Animals and materials Male hairless mice (skin hairless 1 (Skh1):
(hr/hr) BR), 6–8 wk old, were purchased from Charles River
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Wiga Laboratories (Sulzfeld, Germany). The animals were individ-
ually maintained under standardized conditions (room temperature
(RT) 251C, relative humidity 45%–55%, circadian rhythm 12 h) in
plastic cages with polyester filter covers. The study protocols were
approved by the University of Kiel, Committee of Animal Care.
Biochemicals were purchased from Sigma-Aldrich Chemistry
(Munich, Germany). The anti-phospho STAT3 antibody was ob-
tained from NEB (Bad Schwalbach, Germany). The polyclonal rab-
bit anti-mouse STAT-3-P antibody, Y705, was purchased from
Upstate Biotechnology (Hamburg, Germany). An eluminescent
(ECL) detection kit RPN 2209 from Amersham (Braunschweig,
Germany) was used for determination of STAT-3-P.
Experimental procedures
Skin injury and monitoring of wound healing, wound contraction,
and reepithelization Full-thickness wounds 20 mm in diameter
were excised with sterile scissors and tweezers from the flank skin
of hairless mice. The wounds were immediately occluded with ei-
ther impermeable latex foils cut from the thumbs of a latex glove
(Ansell Medical Ltd., Surbiton, UK) or semi-permeable foils (Com-
feel
s
Plus, Coloplast, Hamburg, Germany). The Comfeel
s
Plus
sheets were fixed with a Durapore tape (Borken, Germany).
Wounds were covered for either the entire, the first half, or the
second half of the wound-healing period. Unoccluded wounds
served as control. Every second day, dressings were renewed and
photographs of the wounds were taken for documentation of the
healing progress. Wound healing was expressed in relation to the
day of wounding.
(a) The rate of wound healing was calculated as follows:
ðAday 0  Aday xÞ  100=Aday 0
Aday x indicates open wound area on the day of measurement.
Part of wound contraction and of regenerated epithelium on
wound healing
(b) The rate of wound contraction was calculated as follows:
Cday x  100=Aday 0
Cday x indicates contracted part of the original wound size on the
day of measurement
(c) The rate of reepithelialization was calculated as follows:
Rday x  100=Aday 0
Rday x indicates part of regenerated skin.
Measurements of TEWL after reepithelization The effect of the
semi-occlusive Comfeel Plus
s
foil on the recovery of the physical
skin barrier was investigated after wound healing. After complete
reepithelization, day 14, the semi-occlusive foil was removed, and
the TEWL was measured with a TEWAMETER
s
TM 210 (Khouzaka
& Courage, Cologne, Germany) in comparison with the unoccluded
control. Recovery was calculated in relation to TEWL in untreated
mouse skin.
Murine epidermal proliferation assay in vivo One hour before skin
dissection, 30 mg bromodesoxyuridine per kg (BrdU, # RPN 201,
Amersham) was injected intraperitoneally. Five micrometer skin
sections (prepared as described above for 20 mm sections) were
processed by the standard immunohistologic peroxidase tech-
nique using a monoclonal antiBrdUantibody (#RPN 201, Amer-
sham) and diaminobenzidine as the substrate as recommended by
the supplier of the staining kit. The stained sections (one per
mouse) were examined microscopically (  160) by counting the
BrdUlabelled nuclei of interfollicular keratinocytes (cells in synthe-
sis phase (S-phase)) in seven microscopic fields/sections. Label-
ling index was defined by the numbers of BrdUþ cells per
micrometer epidermal basal membrane.
Western blotting for STAT3 phosphorylation Cell migration was
quantified using phosphorylated STAT-3 expression as a marker
protein for migrating keratinocytes (Kira et al, 2002). Wound edges
were harvested 3, 6, and 12 d after wounding. The epidermis was
separated after incubation in NaCl (1 M) at 41C overnight. Samples
were frozen in liquid nitrogen and minced in 300-mL H-buffer (40
mM N-2-hydroxyethylpiperazine-N-2-ethane-sulfonic acid, 150
mM KCl, 5 mM NaF; pH 7.4) for 1 min, using a Potter S homog-
enizer from Braun Biotech (Melsungen, Germany). Homogenates
were sonicated three times for 10 s on ice with an ultrasonicator
from Bandelin Electronic (Berlin, Germany). Debris was removed
by centrifugation at 13,800  g at 41C for 20 min.
The amount of soluble proteins in the supernatants was as-
signed by the BCA (bicinchoninic acid) method. Thirty-five micro-
grams of proteins were used for sodium dodecylsulfate (SDS)-
polyacrylamide gel electrophoresis (10% Tris-Ticine gel) and west-
ern blot analysis. Precision plus protein marker, 161-0373, from
BioRad (Ismaning, Germany) was used as a standard. Samples
and standard solutions were mixed in sample buffer (0.01%
bromophenol blue, 15% glycerol, 9% mercaptoethanol, 1% SDS,
50 mM Tris, 4 M urea; pH 6.8) and heated to 951C for 5 min as
required for electrophoresis (La¨mmli, 1970). Separated proteins
were blotted onto a nitrocellulose membrane, GB 002, Schleicher
and Schuell (Dassel, Germany), for 45 min and 100 V in cold blot-
ting buffer (192 mM glycin, 20% methanol, 25 mM Tris; pH 8.3).
Nonspecific antibody binding was inhibited by incubation of the
membrane with 5% milk powder in Tris-buffered saline T (TBST,
Tris buffer, 0.1% Tween-20; pH 7.4). The following staining protocol
was used: anti-phospho-STAT3 antibody was set overnight at 41C
under rotation, diluted 1:500 (vol/vol) in TBST buffer with 2% milk
powder as blocking reagent. The secondary peroxidase-conjugat-
ed antibody was used in a 1:1000 (vol/vol) dilution for 1 h at RT. To
amplify the detection of STAT-3-P the membrane was further in-
cubated with horseradish peroxidase-coupled swine anti-rabbit
antibody in a 1:1000 dilution (vol/vol) for 1 h at RT. Between all
incubation steps, the membrane was washed three times with
TBST buffer for 5 min at RT under shaking. The expression of STAT-
3-P was detected with an ECL detection system.
Statistical analysis Statistical significance was analyzed with
Software Package for Social Sciences (SPSS) using a parametric
ANOVA test, and a posteriori single comparison by Mann-Whitney
U test. The results of the wound-dressing experiment are present-
ed as the mean  standard deviation. The amounts of STAT-3-P
are illustrated as the median  interquartiles.
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